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SUMMARY 

An over-all  performance investigation w a s  conducted on a high- 
weight-flow, low-pressure-ratio, single-stage turbine f o r  use  i n  a turbo- 
j e t  engine designed for a cruise Mach number of 4.0. 
of t h i s  program, the  effect  on turbine over-all  performance of two rotor  
blade modifications w a s  investigated. The purpose of these modifications 
w a s  t o  improve tEe mechanical charac te r i s t ics  of rotor  blades t h a t  were 
t h i n  i n  cross section and had a large blade height with a s l igh t  taper.  
Two ro tor  blade modifications were investigated. The f i r s t  incorporated 
pinning of adjacent ro tor  blades i n  the t i p  region t o  l ink  and support 
the  ro tor  assembly mechanically. This turbine had a ra t ing  efficiency 
o f  0.79, which i s  0.04 below the  design value a t  t h e  equivalent design 
operating point.  
t h i s  ro tor  configuration. The second rotor  blade configuration consisted 
of a ro tor  blade t h a t  had been redesigned with a greater consideration 
f o r  i t s  mechanical character is t ics .  This modification had essent ia l ly  
no detrimental e f fec t  on the over-all  turbine performance a t  t h e  equiva- 
len t  design operating point. 

A s  a continuation 

"I 

The equivalent design weight flow w a s  not obtained by 

INTRODUCTION 

The requirements of a turbine f o r  use i n  a low-pressure-ratio, high- 
weight-flow turboje t  engine designed f o r  a cruise  Mach number of 4.0 have 
been investigated at the Lewis Research Center. The aerodynamic design 
method together with the  r e su l t s  of a cold-air experimental performance 
investigation f o r  an i n i t i a l  turbine configuration i s  presented i n  ref- 
erence 1. 
the  suction-surface velocity w a s  kept to a minimum. 

I n  the design of this  turbine configuration, the diffusion of 
%is turbine, which 'p 

* 
si T i t l e ,  Unclassified. 
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w i l l  be referred t o  herein as configuration I, passed equivalent design 
weight flow a t  equivalent design work output and speed. "he ra t ing  ef- 
ficiency at th i s  point w a s  essent ia l ly  the estimated design value of 0.83. 

n 

Rotor blade configuration I had a relat ively th in  cross section and 
a large blade height w i t h  a slight taper from hub section t o  t i p  section. 
I n  the first design, the emphasis w a s  on desirable aerodynamic character- 
i s t i c s ,  whereas the s t ruc tura l  properties of the blade were largely ig- 
nored. 

tha t  would be obtained i n  t h i s  rotor  blade under actual  operating condi- 
t ions i n  a ful l -scale  turbojet  engine were considered dangerously high. 
Rotor blade fatigue fa i lure  due t o  vibration could occw i n  the regions 
of the hub section and the long, t h i n  t r a i l i n g  edge near the t i p  section. 
Consideration of the possible fatigue fa i lure  caused by vibration at 
these c r i t i c a l  areas necessitated an investigation of methods t o  improve 
the mechanical character is t ics  of the rotor blade. 
port ,  an investigation of these methods w a s  made t o  determine w h a t  sacr i -  
f i c e  i n  performance would be associated with each method. 

? 
could be expected from t h i s  c lass  of turbine. The combined s t resses  a 

This established an upper l i m i t  of aerodynamic performance tha t  f\3 w 

I n  the present re -  

Two methods of improving the mechanical character is t ics  were inves- 
t igated t o  determine their individual effect  on the turbine over-all  per- 
formance. The first method consisted of the introduction of 0.120-inch- 
diameter s ta inless-s teel  pins in to  the blade flow passage and the linkage 
of these pins t o  adjacent rotor  blades, thus supporting each rotor  blade 
t o  s a t i s f y  s t ruc tura l  s t ab i l i t y .  
cal led rotor blade configuration 11. 
blade was  redesigned t o  include a higher blade camber at  the outer rad i i ,  
a decreased cross-sectional area at the t i p  section, and an increase of 
the hub-section area, thereby lowering the combined stresses associated 
with the rotor  blade during operation. 
t o  as rotor blade configuration I11 for this  investigation. 

Bereafter, t h i s  rotor blade w i l l  be LiD 

In the second method the rotor  

This rotor  blade w i l l  be referred 

The purpose of th i s  experimental investigation is  t o  determine the 
e f fec t  on the turbine aerodynamic over-all performance character is t ics  
caused by the modifications t o  the rotor  blades t o  improve the mechani- 
c a l  properties. 
formance investigation were fabricated from aluminum stock. The two 
rotor blade configuration designs are described, and their  individual ef - 
f e c t s  on the turbine over-all performance are presented. 

A l l  rotor  blades used i n  the cold-air experimental per- 
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i SYMBOLS 

pressure-surface diffusion parameter, 

(blade-inlet relative velocity) - (min. blade surface relative velocity) 
(blade -inlet  relative velocity 1 r 

suction-surface diffusion parameter, 
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( m a .  blade surface relative velocity) - (blade-outlet relative velocity) 
( m a .  blade surface relative velocity) 

sum of suction- and pressure-surface diffusion parameters, 
D + D s  

P 
specif ic  work output (based on measured torque), Btu / lb  

gravi ta t ional  constant, 32.17 ft /sec2 

rotat ional  speed, rpm 

absolute pressure, lb/sq f t  

torque, f t - lb  

radius, f t  

absolute temperature, % 

blade velocity, f t / sec  

c r i t i c a l  velocity at NASA standard sea-level temperature of 
5 1 8 . 7 O  R 

r e l a t ive  gas velocity, f t /sec 

weight flow, lb/sec 

r a t i o  of specif ic  heats 

r a t i o  of i n l e t  t o t a l  pressure to NASA standard sea-level 
pressure of 2116 lb/sq f t  
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ri 

function of y, - 
Y 

aerodynamic efficiency, r a t i o  of actual  turbine work (based 
on torque measurements) t o  ideal  turbine work (based on 
e x i t  t o t a l  pressure p i )  

r a t ing  efficiency, r a t i o  of actual turbine work (based on 
torque measurements) t o  idea l  turbine work (based on ex i t  
t o t a l  pressure p '  1 

3,x 

VX 

squared r a t i o  of c r i t i c a l  velocity t o  c r i t i c a l  velocity at 
NASA standard sea-level temperature of 518.7' R 'cr 

d blade so l id i ty  based on ax ia l  chord 

Subscripts: 

P pressure surface 

S suction surface 

s l  NASA standard sea-level conditions 

t t i p  

t o t  t o t a l  

X ax i a l  

0,1,2,3 measuring stations,  see f i g .  2 

Superscript : 

1 t o t a l  or stagnation s t a t e  

$1 co w 
a, 

R 

LI 
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T e s t  Ins ta l la t ion  and Instrumentation 

The experimental test  in s t a l l a t ion  of the turbine is shown i n  f i g -  
ure 1. 
investigate the turbine w i t h  rotor  blade configuration I, which is de- 
scribed i n  d e t a i l  i n  reference l. 

This test f a c i l i t y  is the same as the one used t o  experimentally 

The instrumentation used f o r  the over-all performance evaluation of 
the turbine i s  ident ical  t o  the instrumentation used i n  reference 1. A 
schematic diagram of the experimental setup and the measuring s ta t ions 
i s  shown i n  figure 2. 

mer iment al Procedure 

The turbine w a s  operated w i t h  a measured inlet t o t a l  pressure of 
approximately 40 inches of mercury absolute and a nominal i n l e t  t o t a l  
temperature TC, of 540' R. Turbine rotat ive speeds of 60 t o  120 per- 
cent equivalent design speed i n  10-percent increments were used over a 
range of ra t ing pressure r a t i o  p i / ~ ; , ~  from 1.3 t o  1.75. 

- 

The operating conditions, f a c i l i t y  instrumentation, and ernerimental 
data reduction methods used t o  investigate these turbines experimentally 

r are ident ica l  t o  those described i n  reference 1. 

- TufcBINE DESIGN 

It w a s  desired t o  design a turbine having high weight flow per uni t  
f ron ta l  area w i t h  relatively l o w  specif ic  work output while, at  the same 
t i m e ,  maintaining good aerodynamic efficiency and good s t ruc tura l  
character is t ics .  

The cold-air-model single-stage turbine used i n  th i s  investigation 
i s  16 inches i n  diameter and has a constant hub-tip r a d i u s  r a t i o  of 0.53. 
The over-all  design requirements for  the turbine are as follows: 

Equivalent specific work output, E/€Jcr, Btu/ lb  . . . . . . . . . .  12.22 

Equivalent w e i g h t  flow, E, lb/sec . . . . . . . . . . . . .  28.09 

Equivalent blade t i p  speed, Ut/<, ft/sec . . . . . . . . . . . .  520 

W d G  
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The velocity diagrams used i n  the design f the  turbines for  t h i s  
investigation are the same as those presented n figure 1 of reference 1. 
The s t a to r  blade used with configuration I (ref. I) w a s  a lso used with 
configurations I1 and I11 i n  the present turbine investigation. 
rotor  blade design of configuration I was  considered undesirable from 
the standpoint of mechanical s t resses .  In the region of the t i p ,  the 
blade had a long t h i n  straight t r a i l i n g  edge which would be subject t o  
vibrat ional  fatigue fa i lure .  
stresses at the hub section of t h i s  blade, which has re la t ively l i t t l e  
taper, were also quite high. 
study t o  a l lev ia te  these mechanical-stress problems. The first method 
is  a modification i n  which pins were used t o  l ink adjacent blades of 
rotor blade configuration I together i n  order t o  dampen any vibration of 
the blades. 
i s t i c s  of the blades is  t o  redesign them by adding curvature near the 
t r a i l i n g  edge i n  the region of the t i p ,  which would thus s t i f f e n  t h i s  
section. The thickness of the blade prof i le  was  increased at  the hub 
section and decreased at  the t i p  section, which gave the blade a greater 
hub- t o  tip-section-area r a t i o  and improved the centrifugal stress 
character is t ics .  

I 

The 

The combined centrifugal and bending 

Two methods are considered i n  the present 

The second method fo r  improving the mechanical character- 

Description of Rotor Blade f o r  Configuration I1 

The ro tor  biade configuration I1 assembly i s  shown i n  figures 3 and 
4. 
s ta in less -s tee l  tubing cut t o  lengths of approximately 1 inch. 
pins were sealed t o  prevent any crossflow through the pins. 

The pins tha t  mechanically linked adjacent blades were 0.120-inch 
These 

As  shown i n  the figures,  the pins were located near the throat  of 
the rotor  blade at three-fourths the blade height i n  order t o  dampen 
blade vibration by supporting the long th in  t r a i l i n g  edge i n  the region 
of the t i p  section. For maximum damping the pins should have been l o -  
cated as near the t i p  section as possiblej  however, t o  satisf'y stress 
considerations the three-fourths blade height location was  chosen. 
pins, when i n  position, extended through the blade, This allowed them 
t o  be held i n  posit ion by snap rings tha t  w e r e  f i t t e d  on the pin body 
and pushed snugly against the blade surface. Although constant-diameter 
pins of t h i s  type would be unsuitable for  use i n  a ful l -scale  high- 
temperature turbine, the approximate aerodynamic blockage tha t  would be 
c au 
fec 
model turbine investigation. 

The 

y proposed pins f o r  an actual  turbine w a s  scaled so tha t  the ef- 
the aerodynamic performance could be determined i n  the cold-air- 

Since rotor  blade configuration I1 is a modification of configura- 

No attempt w a s  made t o  estimate the 
t i o n  I, the values of suction- and pressure-surface diffusion remain un- 
changed f o r  the basic rotor  blade. 
diffusion parameters f o r  the complex surface flow patterns se t  up from 

I c 

I 
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the addition of the pins. 
t i p  sections f o r  t h i s  rotor  blade are shown i n  table  II(b) of reference 1. 

"he coordinates of the blade hub, mean, and - 

Rotor Blade Design f o r  Configuration I11 

The design procedure fc;r rotor  blade configuration 111 differed 
from the design procedure used fo r  ro tor  blade configuration I, i n  that 
greater consideration w a s  provided fo r  the mechanical s t resses  and vi- 
brat ional  character is t ics  of the rotor  blade. 
I11 is shown i n  f igure 4. 

I 

I I 

I 

Rotor blade configuration 

Curvature of the blade mean camber l ine  i n  the region of the trail- 
ing edge w a s  introduced, thereby s t i f fening the rotor  blade. The turn- 
ing downstream of the throat  w a s  approximately 6O, 3O, and 0' a t  the t i p ,  
mean, and hub sections, respectively. The change i n  the blade sections 
i s  i l l u s t r a t e d  i n  figure 5 where the hub, mean, and t i p  sections of rotor  
blade configuration I11 are superimposed over the s i m i l a r  sections of 
rotor blade configuration I. 

The t ip-section area of rotor blade configuration I11 w a s  reduced, 
and the hub-section area was increased t o  reduce the centrifugal s t resses  
at the hub of t he  blade. 
blade configuration I w a s  approximately 1.8 to 1. 
rotor blade configuration I11 w a s  approximately 3.0 t o  1. 

The hub- t o  tip-section-area r a t i o  f o r  rotor  
The similar r a t i o  for  

ni 

The resu l t s  obtained i n  references 2 and 3 indicate tha t  low 
suction-surface diffusion i s  desirable f o r  minimum over-all  losses 

maintain zero suction-surface diffusion, when the rotor  blade prof i les  
were changed, the pressure-surface diffusion was  increased as shown i n  
table  I. 
sections of rotor blade configuration I11 with those fo r  rotor  blade 
configuration I. A s  shown i n  tab le  I, the suction-surface diffusion 
values remained essent ia l ly  unchanged during the redesign process. 

.. through a turbine-rotor blade row. Therefore, because it w a s  desired t o  

This table a l so  compares the values f o r  the hub, mean, and t i p  

The velocity dis t r ibut ion on the midchannel l i ne  and the blade sur- 
faces a t  the hub, mean, and t i p  sections for blade configuration I11 are 
presented i n  figure 6. The coordinates of the blade hub, mean, and t i p  
sections fo r  t h i s  rotor blade are shown i n  table  11. The f i n a l  blade 
shape was obtained by stacking the hub-, mean-, and t ip-section prof i les  
so tha t  the centers of gravity at  the three sections were on a radial 
l i ne  i n  order to reduce the combined s t resses .  
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RESULTS AND DISCUSSION 
* 

The over-all  turbine performance obtained with rotor blade configu- 
ra t ions I1 and I11 is individually presented. These r e s u l t s  are then 
compared with those obtained with configuration I, the rotor  designed 
fo r  optimum aerodynamic performance. 

: Performance of Rotor Blade Configuration I1 
R 
0 The over-all  performance of the turbine for  t h i s  configuration is  a 

presented i n  figure 7 (a) where equivalent work output is plot ted against 

the weight-flow parameter 606 wN E for constant values of equivalent 

speed and ra t ing  pressure r a t i o  pi/pjJX. 
efficiency 

Contours of constant ra t ing  
qx based on the rat ing pressure r a t i o   pi/^$,^ are shown. 

A t  equivalent design work output and speed, an efficiency of 0.79 
A w a s  obtained. 

m a x i m u m  value of efficiency of 0.83 w a s  obtained at low pressure ra t ios  
near design speed. 

This corresponded t o  a rat ing pressure r a t i o  of 1.6. 

In  order t o  present a more complete evaluation of the  turbine per- 
formance, a performance map with the eff ic iencies  of the turbine based 
on the  over-all pressure r a t i o  p'/pl 1 3  

A t  equivalent design work output and speed, an aerodynamic effi-  
ciency of 0.81 is  obtained a t  a pressure r a t i o  p.i/pi of 1.57. This 
efficiency i s  0.02 higher than the ra t ing  efficiency based on the rat ing 
pressure r a t i o  pi/pi,x. This difference i n  efficiency indicates the 
loss  i n  energy caused by the tangential  velocity component a t  the tur-  
bine ex i t .  

is  presented i n  figure 7(b). 

P 

a, 

The var ia t ion of equivalent weight flow with rat ing pressure r a t i o  
for the equivalent speeds investigated i s  shown i n  figure 8(a) .  
value fo r  equivalent design weight flow i s  indicated. 
sign speed and a rat ing pressure r a t i o  of 1.59 corresponding t o  equiva- 
l en t  design work, the measured turbine weight flow w a s  about 1 percent 
below the design value. 
total-pressure r a t i o  of 1.65 fo r  the 60 and 70 percent design rotor  
speeds investigated only. 
the highest pressure r a t i o  investigated, choking weight flow w a s  very 
nearly obtained for  the remaining speeds. 
choking weight flow remains constant f o r  the 60 and 70 percent design 
rotor  speeds, which indicates tha t  the  s ta tor  choked f o r  these speeds 
pr ior  t o  the rotor  and controlled the weight flow passed by the turbine. 
A t  turbine rotor  speeds greater than the low rotor  speeds, the value of 

The 
A t  equivalent de- 

Choking weight flow w a s  obtained above a rat ing 

A t  the  ra t ing  total-pressure r a t i o  of 1.73, 

I n  figure 8(a) the value of 
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choking weight flow decreases, which indicates t ha t  the rotor blade row 
chokes i n i t i a l l y  and l i m i t s  the  turbine weight flow. 

The variat ion of equivalent torque with ra t ing  pressure r a t i o  f o r  
the equivalent speeds investigated i s  shown i n  figure 8(a). 
ratios across the turbine great enough t o  achieve l imiting loading were 
not obtainable. Limiting loading for  any given speed is defined as the 
point at  which a fur ther  increase i n  pressure r a t i o  does not produce an 
increase i n  torque. 

Pressure 

Performance of Rotor B l a d e  Configuration I11 

The performance of t h i s  turbine, presented i n  figure 9, w a s  limited 
t o  equivalent design speed f o r  a variation of ra t ing  total-pressure 
r a t io s  due t o  a rotor  blade fatigue f a i lu re  during the experimental in- 
vestigation. 
mental investigation w a s  a t t r ibu ted  t o  the character is t ics  of the test 
f a c i l i t y .  
did not give the blades the proper s t ruc tura l  s t a b i l i t y  when the unfa- 
vorable test condition w a s  encountered. 
f e c t  on aerodynamic performance and not the s t a b i l i t y  of the scaled model 
i n  a cold-air t e s t  that i s  important f o r  t h i s  investigation, the limited 
performance data a r e  presented herein. 

The f a c t  t ha t  t h i s  rotor  blade did f a i l  during the experi- 

The ro tor  blades were fabricated from aluminum stock, which 

However, because it is the ef- 

Only f ive  experimental points were obtained. Figure 9 shows the 
variation of ra t ing  efficiency 7, with equivalent turbine work output 
for  equivalent design speed only. 
blade configurations I and I1 are  shown fo r  comparison and w i l l  be dis-  
cussed later. 

I n  addition, s i m i l a r  curves f o r  rotor  

A t  equivalent design work output and speed, a rat ing efficiency of 

A m a x i m u m  value of 0.847 was obtained at a 
0.825 was  obtained. 
s l igh t ly  greater than 1.55. 
low pressure r a t i o  of 1.34 a t  design speed. 

This corresponded t o  a ra t ing  pressure r a t i o  of 

A t  equivalent design work output and speed, an aerodynamic effi-  

pi /pi  ciency of 0.828 w a s  obtained at  a total-pressure r a t i o  of 1.55. 
This efficiency i s  0.003 higher than the efficiency based on the rat ing 
pressure r a t i o  ~ . i / p i , ~ ,  which indicates that  the ex i t  tangential  veloc- 
i t y  component i s  negligible. 

The var ia t ion of equivalent weight flow with rat ing pressure r a t i o  
A t  equivalent design for  equivalent design speed is  shown i n  figure 9.  

speed and a ra t ing  pressure r a t i o  of 1.55 corresponding t o  equivalent 
design and work output, the measured turbine weight flow w a s  s l igh t ly  
higher than the design value. No presentation can be given concerning 
choking weight flow fo r  t h i s  rotor blade because of the limited amount 
of data tha t  w a s  obtained. 
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The var ia t ion of equivalent torque with ra t ing  pressure r a t i o  fo r  
design speed is shown i n  figure 9. 
great enough t o  achieve l imiting loading was not obtainable. 

A pressure r a t i o  across the turbine 

Effect of Rotor Blade Modifications on Turbine Performance 

The ra t ing  efficiency at design blade speed fo r  the three configu- 
ra t ions over a range of work output is  compared i n  figure 9. 

The rat ing efficiency a t  equivalent design work output and speed 
for  rotor blade configuration I1 of 0.79 represents a decrease of 0.04 
from rotor blade configuration I ( f ig .  9) .  
rotor blade configuration I1 w a s  approximately 1 percent below the de- 
sign value which was obtained by the aerodynamically designed rotor  blade 
of configuration I. 
cal ly  produced an a i r  blockage within the blade f l o w  passage. 
blockage produced losses tha t  account for  the reduced efficiency and 
weight flow. 

The turbine weight flow fo r  

The pins used t o  support the r o t o r  blades mechani- 
This flow 

The ra t ing  efficiency f o r  rotor  blade configuration I11 shows essen- 
t i a l l y  no change i n  efficiency from rotor blade configuration 1 (f ig .  9 ) .  
The turbine weight flow of t h i s  configuration did reach the design equiv- 
alent value as did the turbine weight flow f o r  rotor  blade configuration 
I. The f ac t  tha t  t h i s  rotor blade configuration f a i l ed  during the ex- 
perimental investigation w a s  a t t r ibuted t o  character is t ics  of the t e s t  
f a c i l i t y  and s t r e s s  concentrations near the base of the aluminum blades. 

SUMMARY OF RESULTS 

The following resu l t s  w e r e  obtained from an experimental investi-  
gation of two rotor  blade configurations for a high-weight-flow, low- 
pressure-ratio, single-stage turbine. The turbine w a s  operated over a 
range of equkralent speed and pressure r a t io  a t  i n l e t  conditions of 40 
inches of mercury absolute and 80' F. 

The use of pins between adjacent rotor blades t o  dampen s t resses  
due t o  vibration caused a considerable change i n  the turbine over-all  
performance from tha t  previously obtained for  an aerodynamically designed 
rotor blade. A t  the design operating conditions the rat ing efficiency 
was decreased 0.04, and the turbine weight flow w a s  decreased approxi- 
mately 1 percent. 

The performaxe of the redesigned rotor blade i n  which the blades 
were tapered t o  reduce centrifugal s t resses  at the hub w a s  essent ia l ly  
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the same as the aerodynamically designed rotor blade. 
operating conditions the rating efficiency was the design value, and the 
design weight flow was obtained. 

At the design 
. 
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National Aeronautics and Space Administration 

Cleveland, Ohio, January 16, 1959 
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TABU I. - SURFACE DIFFUSION AND SOLIDITY PARAMETERS 

FOR ROTOR BLADES 

Rotor 
blade 

Configuration 
I -- 

(ref.  1) 

Configuration 
111 

Sect ion 

Hub 
Me an 
Tip 

Hub 
Mean 

Tip 

Blade surface 
diffusion parameter 

Suction I Pressure I D~~~ 
surface, surface, 

1 I 0.50 ~~:~~ 
0.10 0.43 

0.22 0.22 

0.50 0.50 

Solidity,  
(J 

2.71 

1.59 

0.99 

2.71 

1.59 

0.99 

t 

‘ 1  
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X I  
in. 

*. ;-- 
- 8  e * -  

WU 11. - ROTOR BLADE C0NFIC;URATI~N I11 SECTION COORDINATES 
* *  

Hub M e  an Tip 

r/rt = 0.533 r/rt = 0.766 r/rt = 1.000 
0 = -500' 0 = 13'46' 6 = 34'10' 

13 

Yu, in. 

0.012 
123 

.213 

.236 

.340 

.373 

.385 

.376 

.347 
e 300 
.242 

.171 

.098 

.012 

---- 
---- 

. 4 a l l e 1  t o  axis 
of' r o t a t i o n  

YL, in. Yu, in. 

0.012 0.012 
.051 . lo2  

099 .173 
.133 .216 
.155 .235 
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Figure 2. - Schematic diagram of turbine showing instrumentation. 
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Hub t 
Figure 5. - Profile comparison between ro tor  blade configurations I and 111. 
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1. 

Figure 6. - Design rotor blade midchannel and surface velocity dis- 
tribution at hub, mean, and t i p  sections as a function of axial 
location. Rotor  blade configuration 111. 
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Over-all r a t ing  total-pressure r a t io ,  pi/pi ,  

(b)  Equivalent torque. 

Figure 8. - Concluded. Variation of equivalent weight flow and 
equivalent torque with r a t ing  total-pressure r a t i o  f o r  values 
of constant equivalent ro to r  speed. Rotor blade configuration 11. 
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Figure 9. - Performance of turbine with rotor blade configura- 
t ion 111. A comparison with rotor blade configurations I 
and I1 rating efficiencies i s  shown. 
speed. 
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